The renin-angiotensin system (RAS) plays a key role in the regulation of blood pressure (BP) and electrolyte homeostasis. Angiotensinogen (AGT), a plasma protein synthesized predominantly in the liver, is catalyzed by renin, an aspartyl protease synthesized mainly in the juxtaglomerular cells of the kidney, to produce decapeptide angiotensin I (AI). The latter is further processed by angiotensin-converting enzyme to an octapeptide, angiotensin II (AII), which mediates vasoconstriction and aldosterone secretion through specific cell surface receptors present throughout the cardiovascular system. Aldosterone then causes sodium reabsorption in the collecting ducts of the kidney to increase body fluid, leading to increased BP.
Since the reaction catalyzed by renin is the rate-limiting step of this enzymatic cascade and AGT concentrations in plasma are close to the K m value for renin (12) , the level of AGT is directly reflected by BP phenotype. In accord with this notion, transgenic overexpression (8, 18) or targeted gene inhibition of AGT in the mouse (39) has demonstrated that this gene is a key genetic determinant of BP. It has been also shown in experimental animal models that as little as a 20% change in AGT expression was reflected as a BP phenotype (18, 19) . Furthermore, in humans, genetic linkage between human AGT (hAGT) and essential hypertension has been reported (4, 16) . Given these correlations, it may be of fundamental importance to elucidate the molecular mechanisms underlying hAGT transcriptional regulation in order to define the origins of BP physiology and pathology. To this end, we have identified a number of cis-acting DNA elements and trans-acting factors that may be critical for determining the level and cell type specificity of hAGT gene expression (25, 26, (43) (44) (45) by using a human hepatoma (HepG2) cell line. Although these cell culture experiments have been instructive, it is nonetheless imperative to evaluate the functional significance of these putative regulatory elements in vivo to reflect a normal physiological environment.
Among the candidate cis-regulatory elements identified thus far, Yang and Sigmund (47) evaluated the function of two sequences in the hAGT locus through analysis of a 14-kbp promoter-proximal construct in transgenic mice (TgM). Two sequences, AGE2 (37) and d61-2 (25), had powerful enhancer activities when assayed in transiently transfected HepG2 cells, conferring 10-and 50-fold activation to a minimal hAGT promoter, respectively. Surprisingly, however, disruption of these elements did not produce a significant phenotype in vivo, i.e., neither the level nor the cell type specificity of hAGT expression was altered by the mutations in TgM. This result argues that these elements are redundant and therefore dispensable for the hAGT expression in TgM but does not necessarily mean that they are nonfunctional elements in the locus.
A series of 5Ј deletion mutants of the hAGT promoter (from Ϫ1222 to ϩ44 bp) identified two regions that were responsible for robust cell-type-specific expression of the reporter gene in HepG2 cells (43) ; these regions were designated "C" (from Ϫ431 to Ϫ380 bp) and "J" (from Ϫ281 to Ϫ252, Fig. 1 ). Subsequent electrophoretic mobility shift assay experiments with HepG2 nuclear extracts identified hepatocyte nuclear factor 4 (HNF4) as the predominant binding activity to regions C and J. The liver-enriched transcription factor HNF4 is an orphan member of the nuclear receptor superfamily that has been implicated in modulating the onset and progression of various diseases (13) and interacts with the direct-repeat (DR) AG GTCA motif (33) . Three or two copies of this motif are found in regions C and J, respectively (Fig. 1B) . Further transactivation experiments in HepG2 cells confirmed that regions C and J are in fact responsive to force-expressed HNF4 protein (43) .
To evaluate the functional significance of the DR motifs in the hAGT gene promoter in vivo, we generated TgM lines harboring a 182-kbp bacterial artificial chromosome (BAC), containing either wild-type or mutant hAGT promoter sequences, integrated into the same chromosomal site (Fig. 1A) . To accomplish this, we used a modified cre/loxP-mediated coplacement strategy (2, 29, 31, 32) to eliminate potential position effects that might complicate experimental interpretations that commonly arise as a consequence of examining transgenes at different positions in the mouse genome. Northern blot and real-time reverse transcription-PCR (RT-PCR) analyses of transgenic hAGT expression revealed that DR sequences only modestly contribute to hAGT gene expression in the liver. Although differing in magnitude, this in vivo result confirmed our previous transfection studies (43) . Surprisingly, however, the same mutation completely abolished hAGT transcription in the kidney, another major site of hAGT synthesis in TgM (34, 46) . Thus, this in vivo strategy clearly revealed a cell-typedependent and DR sequence-dependent activity within the hAGT promoter through which different trans-acting factor environments differentially regulate the level of hAGT transcription.
MATERIALS AND METHODS

BAC targeting vector.
To construct phAGT13(-C-J-), a 1.3-kbp (from Ϫ1222 to ϩ44 bp) DNA fragment containing the hAGT gene promoter was cloned into the pGV-B luciferase (Luc) reporter plasmid (Wako). To generate phAGT13 (-M-M-), in which DR motifs in regions C and J of phAGT13(-C-J-) are disrupted by substituting with upstream activating sequences (UAS) (Fig. 1) , three fragments were independently amplified with the following primer sets, digested, and ligated together in order to replace the corresponding portion in the phAGT13 (-C-J-) (the UAS [42] are italicized): M1-5Ј, 5Ј-TGTCTATTAGAGGCCTTTG CAC-3Ј; M1-3Ј, 5Ј-GCCGGATCCCGGAGGACAGTACTCCGGGGGAGAGT CTTGCTTAGGCAAC-3Ј (BamHI); M2-5Ј, 5Ј-ATGGGATCCGGCCTGCAT GTCCCTG-3Ј (BamHI); M2-3Ј, 5Ј-AGAATTCCGGAGGACAGTACTCCGA AACGGGAGCATCTCCCTAGGTG-3Ј (EcoRI); M3-5Ј, 5Ј-GAATTCTGCAA ACTTCGGTAAATGTG-3Ј (EcoRI); and M3-3Ј, 5Ј-GCTGGAGAGCAACTG CATAA-3Ј.
Next, LCJL and LMML DNA fragments were PCR amplified by using the following primer sets and phAGT13(-C-J-) or phAGT13(-M-M-), respectively, as templates and digested with appropriate enzymes (loxP sequences were italicized in each of the following oligonucleotides): 5Ј-LoxP2272, 5Ј-GGAGCAG CTGATAACTTCGTATAGGATACTTTATACGAAGTTATCCGCGGAAGGT CACACATCCCATGAG-3Ј (PvuII and SacII); and 3Ј-loxP5171, 5Ј-CAGACC ACAGGCTGGATAACTTCGTATAATGTGTACTATACGAAGTTATGAATC CCAGAAGGACAGATGCCAGA-3Ј (PflMI and EcoRI).
The kanamycin resistance (Kan r ) gene cassette was amplified with the following primer sets by using pIGCN21 (21) as the template and digested with EcoRI and SacII: E5171Kan-5S, 5Ј-GGAATTCATAACTTCGTATAGTACA CATTATACGAAGTTATCTGCAAGGCGATTAAGTTGG-3Ј (EcoRI); and SII2272Kan-3A, 5Ј-GTCCCCGCGGATAACTTCGTATAAAGTATCCTATACG AAGTTATAAGCTCGCGGATCCGAACAA-3Ј (SacII).
The LCJL (PvuII-EcoRI), Kan r (EcoRI-SacII), and LMML (SacII-PflMI) fragments were simultaneously cloned into the PvuII/PflMI sites of phAGT13 (-C-J-) to generate pThAg/mutC/J (Fig. 1A) . BAC mutagenesis. The BAC clone containing hAGT gene (RPCI11-505D24) was purchased from Children's Hospital Oakland Research Institute (CHORI), and its DNA was used to transform EL350 Escherichia coli strains (a gift from N. A. Jenkins) by electroporation. We used a prophage-based recombination system (21) for BAC mutagenesis.
TgM. Modified BAC DNA was purified by using a NucleoBond BAC 100 kit (BD Biosciences Clontech). The DNA insert was released by NotI digestion of BAC DNA, followed by separation on pulsed-field gels as described elsewhere (38) . Purified DNA was microinjected into the pronuclei of fertilized eggs from ICR mice (Charles Liver). Transgenic founders were screened by PCR with hAGT-specific primers 5Ј-CAGGGATGTGCTAGTGTAAG-3Ј and 5Ј-CACG TCCTCAGCACTCAAAG-3Ј and subsequently confirmed by Southern blot analysis.
Structural analysis of the transgene. For a long-range structural analysis, high-molecular-weight DNA was prepared from the thymi of each line, embed- 5-kb DNA fragment was used for targeting in E. coli. Expected structure of the targeted region in the BAC DNA was shown (fifth line; parental) and was used for establishing TgM lines. After the intercrossing of "parental" TgM with cre-expressing TgM, selective excision in utero of the DNA segment between a pair of loxP5171 or loxP2272 generated either wild-type or mutant promoters, respectively (sixth line). The two resulting sister lines thus contained either wild-type or mutant hAGT transgene at identical genomic positions. Kan r , Kanr gene. (B) Sequence comparison of wild-type (top) and mutant (bottom) hAGT promoter regions. DR motifs in the regions C and J were underlined. DR1 (in region C) and DR2 (in region J) motifs were replaced with UAS sequences and restriction enzyme sites (BamHI and EcoRI) were introduced so as to facilitate subsequent structural analysis of transgene and to maintain the overall length of the promoter region.
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ded in agarose plugs and digested with SfiI. After pulsed-field gel electrophoresis, DNA was transferred onto a nylon membrane. Blots were hybridized at 65°C with ␣-32 P-labeled DNA probes spanning the hAGT locus. Probes I to VI (unpublished data) were amplified by PCR and subcloned into plasmids, and the sequence fidelity was confirmed by DNA sequencing. Nucleotide positions of each human probe sequence in GenBank are as follows: I (positions 36578 to 37066; AL591291), II (positions 48188 to 48803; AL512328.15), III (positions 42035 to 42647; AL512328.15), IV (positions 6744 to 7239; AL512328.15), V (positions 758 to 1239; AL512328.15), and VI (positions 138972 to 139512; AL158214). All of these probes do not cross-hybridize with mAGT sequences.
In order to discriminate wild-type and mutant transgenic loci, PCR was performed with the a primer set specific for hAGT promoter region (5Ј-GGAGC AGCTGATAACTTCGTATAGGATACTTTATACGAAG TTATCCGCGGA AGGTCACACATCCCATGAG-3Ј and 5Ј-CAGACCACAGGCTGGATAACT TCGTATAATGTGTACTATACGAAGTTATGAATTCCAGAAGGACAGA TGCCAGA-3Ј) using tail DNA from TgM. PCR products were then subjected to RsaI enzyme digestion, followed by electrophoresis on an 8% polyacrylamide gel.
Northern blot analysis. Total RNA was denatured with glyoxal, separated on 1.2% agarose gel, and transferred onto nylon membranes by capillary blotting. Blots were hybridized at 60°C with ␣-32 P-labeled DNA probes. A 293-bp DNA fragment (ApaI/EcoRI) excised from exon 5 of the hAGT gene was used as the hAGT-specific probe.
Real-time RT-PCR. Total RNA was reverse transcribed into cDNA by using random hexamers and reverse transcriptase (ReverTraAce; Toyobo). Real-time RT-PCR was performed by using the LightCycler System and the FastStart DNA Master SYBR Green I kit (Roche Diagnostics). The PCR profile was as follows: DNA denaturation (95°C for 10 min) and amplification (95°C for 10 s, 60°C for 6 s, and 72°C for 10 s) for up to 40 cycles. A sample value was extrapolated from the standard curve, and levels of transgenic hAGT mRNA were normalized to the endogenous mouse angiotensinogen (mAGT) mRNA level. The primers used were as follows: hAGT, 5Ј-CTTCACAGAACTGGATG-3Ј (forward) and 5Ј-GAACTCCTGGGGCTCG-3Ј (reverse) (product size, 241 bp); and mAGT, 5Ј-CTTTTGGGTGCGGAGGC-3Ј (forward) and 5Ј-CAGGCTGCTGGACAG ACGTG-3Ј (reverse) (product size, 133 bp).
In situ hybridization. A kidney of 2-month-old hAGT BAC TgM was fixed in 4% paraformaldehyde, embedded in paraffin, and cut into 3-m serial sections. Sections were deparaffinized and hybridized for 15 h at 50°C with sense or antisense RNA probes. A 298-bp DNA fragment (AatI-EcoRI) from the hAGT cDNA (35) was used for making digoxigenin (DIG)-labeled probes (Roche Diagnostics). The hybridization signal was visualized by using a DIG nucleic acid detection kit (Roche Diagnostics).
RESULTS
Transgenic coplacement strategy for direct comparison of gene expression in vivo. Studies of gene regulation in TgM are often obscured by "position effects" in which qualitative and quantitative traits of transgene expression can differ significantly among independent TgM lines bearing identical constructs. Depending on the chromatin environment in the vicinity of a randomly integrated transgene, expression can be positively or negatively affected, and the magnitude of this effect is far more evident in smaller transgene constructs. In such circumstances, it becomes difficult to compare the levels of transgene expression from wild-type and mutant loci. Hence, the analysis of several TgM lines is mandatory, especially when differences are expected to be subtle. In order to circumvent this problem, we coupled two new technologies.
First, we used BAC DNA as the substrate for genetic manipulation and transgenesis. BAC inserts carry more genetic information than plasmid constructs and often include enhancers, silencers, and chromatin modulatory elements, which are required for proper temporal and spatial control over the gene under study. In addition, genes borne on BACs appear to be more resistant to position effects than are plasmids, possibly because genomic DNA flanking both sides of the gene can "buffer" such effects. However, even when very large transgenes (e.g., a 150-kbp locus control region-containing yeast artificial chromosome) are examined, the level of expression can differ by as much as 50% between lines bearing an identical construct (10) . We therefore incorporated a second strategy, transgene coplacement (2, 29, 31, 32) , in which two genes can be introduced into the same position in the genome, thus subjecting both genes to the identical chromatin environment. This strategy has been successfully applied to the analysis of gene regulation in Drosophila melanogaster (2, 5) .
To pursue this strategy, we first identified a hAGT BAC clone in silico. Clone RPCI11-505D24 was derived from a human BAC library and was used as a sequencing template in the human genome project (28) . Thus, the sequence of the entire 182-kbp insert, including 116 kbp of 5Ј and 54 kbp of 3Ј information (Fig. 1A, top) , was available and facilitated the structural analysis of the hAGT transgene in mice. We then constructed a BAC targeting vector (Fig. 1A, third and 4th lines) , in which a bacterial selectable marker encoding the Kan r gene, and both the wild-type and mutant promoter sequences were flanked by 351 and 42 bp of hAGT genomic sequences at the 5Ј and 3Ј ends, respectively. The two promoter sequences were identical except for 17-and 11-bp mutations within regions C and J, respectively, and were flanked by a set of loxP sequence variants, loxP2272 and loxP5171. These two different loxP elements recombine efficiently between themselves but not with one another (22) . To target this mutation into the hAGT locus within the BAC (Fig. 1A, 5th line) , we used the prophage system for homologous recombination in E. coli (21) . Successful recombination was confirmed by Southern blots, followed by direct sequencing of the modified BAC (data not shown). We refer below to this hAGT promoter configuration (containing both wild-type and mutant promoters) as "parental."
Generation of TgM bearing the hAGT BAC. We purified the parental BAC DNA insert from pulsed-field gels and injected it into fertilized oocytes to generate TgM. Tail DNA was prepared from founder offspring and screened with hAGT-specific PCR primer sets, followed by detailed Southern blot hybridizations (data not shown). To determine the transgene copy number in the several different BAC transgenic lines, we compared the signal intensity of a hAGT internal fragment to that from the endogenous mAGT locus in genomic Southern blots. Three of the lines (lines 97, 87, and 106) carried a single copy of the hAGT BAC (data not shown). To determine the integrity of the BACs in these lines, we conducted a long-range structural analysis of each of the transgenes (unpublished data). Based on these results, we concluded that TgM lines 97, 87, and 106 harbored a single copy of the parental hAGT transgene that was, at a minimum, 182, 91.3, or 46.5 kbp in size, respectively.
Generation of TgM lines in which wild-type and mutant hAGT loci are present in the same genomic location. As shown in Fig. 1A (bottom two lines) , recombination between the pairs of loxP2272 or loxP5171 sites mediated by cre recombinase should occur randomly, resulting in the excision of the intervening wild-type or mutant hAGT promoter sequences, as well as the Kan r gene, to generate the mutant (mutC/J) or wild-type hAGT loci, respectively. In order to initiate this reaction in vivo, we bred the "parental" hAGT lines with TgM ubiquitously expressing cre recombinase. Pups carrying both transgenes (Cre-F0) were confirmed to have undergone the desired . These individuals as adults were intercrossed with wild-type animals to remove the cre locus so as to prevent any potential disturbance on expression. The progeny from the latter intercross (Cre-F1) were genotyped by Southern blot analysis; the data showed that in each sibling TgM subline recombination occurred as anticipated (unpublished data). To further confirm the recombination events, we conducted a fine structural analysis of the wild-type and mutant promoters. Since the UAS sequence contained an RsaI restriction enzyme site (see Materials and Methods), PCR amplification of promoter sequences, followed by RsaI enzyme digestion, could be used to clearly discriminate between the wild-type and mutant loci. The PCR amplicons generated from tail DNA were either sequenced (data not shown) or digested with RsaI and then size fractionated on polyacrylamide gels. The results were consistent with those obtained by Southern blot analysis (unpublished data), with only one exception. Interestingly, some of the animals from line 97 underwent an unpredicted recombination event, which resulted in the disruption of region C but left region J intact (mutC). Although the mechanistic basis for this unexpected recombination event is currently unresolved, this rare, fortuitous event allowed us to assess the function of region C alone on hAGT transcription.
The wild-type BAC recapitulates normal hAGT expression in TgM. Expression of the hAGT gene in the wild-type TgM lines was analyzed by Northern blot analysis with a hAGTspecific probe. Total RNA was prepared from several tissues of BAC TgM, and representative results are shown in Fig. 2A . In all three lines, transgenic hAGT expression was robust in the liver and kidney, low in the brain and heart, and not detectable in the spleen, thus accurately reflecting tissue-specific AGT gene expression in mice (36) and humans (9) , with the exception of relatively high level expression in the kidney of both species. We and others have previously observed an unexpectedly high level of hAGT expression in the mouse kidney when a smaller hAGT gene (14 kbp) construct was analyzed in transgenic studies (34, 46) . In situ hybridization analysis of kidney sections from hAGT BAC TgM, however, revealed that transgene expression was specifically restricted to the proximal convoluted tubule cells of the renal cortex ( Fig. 2B and D) . No expression was detected in the renal medulla ( Fig. 2B and D) or in the kidney of non-TgM (data not shown). Similarly, no hybridization signal was detected when a control sense RNA probe was hybridized to serial kidney sections from TgM ( Fig.  2C and E) . These observations indicated that the cell type specificity of hAGT gene expression was not altered in the kidneys of TgM. 
VOL. 25, 2005 ANGIOTENSINOGEN GENE REGULATION IN BAC TRANSGENIC MICE 2941
Although TgM lines 87 and 106s (with smaller, truncated transgenes) exhibited slightly lower hAGT abundance (in the brain and heart, for example [ Fig. 2A]) , the overall expression pattern (level and cell type specificity) did not differ significantly among the different lines, confirming the validity and reproducibility of this approach with BAC DNA.
Transgenic hAGT expression in the liver. To determine whether the previously implicated DR elements contributed to hAGT gene expression in the liver, we first analyzed RNAs from wild-type and mutant hAGT TgM by Northern blot analysis (unpublished data). Although mutC/J animals expressed significant levels of hAGT mRNA, their expression tended to be lower than that observed in the wild-type animals (wild) when normalized to ␤-actin expression. There was no obvious difference in transgenic expression between males (M) and females (F). Quantitative analysis of the hybridization signals (unpublished data) demonstrated a significant difference in the expression of hAGT between wild and mutC/J TgM. However, the effect of individual differences was relatively large in this analysis. To accurately assess the in vivo function of the DR sequences, we performed quantitative RT-PCR analysis with endogenous mAGT mRNA expression as the internal control (Fig. 3A to C) and statistically analyzed the data (Fig. 3D to F) . As shown in Fig. 3D to F, the level of hAGT expression in mutC/J animals was significantly lower (50% reduction, P Ͻ 0.001) than in wild-type animals. This phenotype was also observed in the liver of mutC TgM (30% reduction, P Ͻ 0.05, Fig.   3D ), indicating that the remaining DR motif in region J of the hAGT promoter could not fully compensate for the loss of the DR motif in region C.
Transgenic hAGT expression in the kidney. We next analyzed the expression of hAGT in the kidney, one of the major sites for hAGT synthesis, in TgM. Surprisingly, Northern blot (Fig. 4A ) and RT-PCR (Fig. 4B) analyses demonstrated that renal hAGT expression was almost completely absent in mutC/J TgM (lines 97, 106, and 87). In contrast to the case in the liver, this phenotype was fully rescued by the DR sequences contained in region J (mutC, Fig. 4) , conclusively demonstrating a fundamental difference between liver and kidney cells in their functional requirement for intact DR motifs in regions C and J.
It is well established that renal expression of both endogenous mAGT (15) and transgenic hAGT (Fig. 2B) (46) is strictly restricted to the proximal tubule cells of the renal cortex, where mouse HNF4 is also abundantly expressed (17) . In situ hybridization analysis of kidney sections revealed that hAGT gene expression was lost in mutC/J TgM ( Fig. 2F and H) . No hybridization was detected when a control sense RNA probe was hybridized to serial kidney sections (Fig. 2G and I) . These results clearly demonstrate that the DR sequences are indispensable for appropriate cell-specific expression of hAGT in the kidney.
Transgenic hAGT expression in the brain and the heart. We also analyzed hAGT expression in other organs by Northern blot ( Fig. 5A and C) and real-time RT-PCR analyses ( Fig. 5B and D) to further confirm the cell-type-dependent activity of the DR sequences. In both the brain ( Fig. 5A and B) and the heart ( Fig. 5C and D) , no significant difference in the hAGT expression was detected between wild-type and mutC/J TgM, indicating that both DR elements are dispensable for hAGT expression in those organs.
DISCUSSION
Small DNA constructs (Ͻ20 kbp) have been widely used to investigate the regulation of gene activity in TgM, and are generally favored because of their ease of manipulation and purification. Although this approach is powerful, there are potential problems associated with such transgenes. Smaller transgenes carry less potential regulatory information that might be required for proper temporal and spatial gene expression and therefore may not accurately reproduce gene expression. Equally importantly, small transgenes are susceptible to position-of-integration site effects from the surrounding chromatin environment, which generates often significant line-to-line heterogeneity in the level of transgene expression. Finally, smaller transgenes usually integrate in a multicopy tandem arrangement that does not accurately reflect the situation for the endogenous gene. These drawbacks in examining the activities of small DNA constructs make it extremely difficult to sensitively detect possible subtle phenotypic differences that may exist between wild-type and mutant TgM lines.
In the systemic RAS, renin is secreted into the circulation from juxtaglomerular cells of the kidney and catalyzes cleavage of AGT produced mainly by the liver. In this report, we present definitive in vivo evidence that DR motifs within the hAGT gene promoter are functionally required for setting its expression level in the liver, which in turn may largely determine BP. In addition to systemic RAS, an important role for local RAS in the regulation of BP has also been proposed. For example, animal models have suggested a role for brain RAS in BP regulation (reviewed in reference 1). In the kidney, RAS has been postulated to modulate renal function, including aspects such as blood flow, sodium-hydrogen exchange, and tubularglomerular feedback (reviewed in reference 3). AGT is expressed in proximal tubule kidney cells, transported through an apical membrane, and secreted into the tubular lumen, where it is subsequently cleaved to angiotensin I (AI) and AII to stimulate local AII receptors. It is therefore conceivable that inappropriately activated AGT gene expression may cause excessive salt and water retention, leading to pathogenesis exhibited as hypertension or renal injury (24) . It has been suggested that the hypertension associated with autosomal dominant polycystic kidney disease may be related to an increase in the intratubular AII concentration (23) . In accord with this notion, recent reports examining cell-type-specific TgM demonstrated a possible role for renal RAS in the pathogenesis of hypertension that is independent of systemic RAS (6, 20) . Although the physiological relevance of intrarenal RAS secretion is debated, it seems increasingly relevant to elucidate the local functions of RAS and to determine how the tissue-restricted gene regulation of each RAS component is achieved.
We previously discovered a pair of DR motifs in the hAGT promoter that preferentially activate its expression in HepG2 cells, and we proposed that nuclear receptor HNF4 was the activator of these effector sites (43) . In the present study, using a reliable genetic manipulation system in mice, we evaluated the function of these sequences in the regulation of hAGT gene expression. In the livers of BAC TgM (Fig. 3) , the levels of hAGT expression in the mutant line (mutC/J) were significantly lower (a 50% reduction) compared to those seen in the corresponding control lines (wild type), confirming the results of the cell transfection studies (43) . However, the magnitude of transcriptional diminution from the hAGT promoter was less pronounced in vivo, which may be attributable to a difference in the regulatory information carried in the BAC (182-kbp locus) versus the reporter plasmid (1.3-kbp promoter sequence). One can easily imagine that the contribution of a single cisregulatory element to overall transcriptional activity might be magnified when a smaller promoter DNA fragment is assayed.
As noted earlier, we suggested HNF4 as the candidate transacting factor of DR motifs based on compiled in vitro evidence (43) . In the present in vivo study, which clearly highlights the significance of the DR motifs in the regulation of hAGT, we still do not know whether HNF4 is the bona fide factor binding to DR sequences in the hAGT promoter. We discovered an even more prominent role for the DR motifs in the proximal tubule cells of the kidney than in the liver (Fig. 2 and 4) , and immunohistochemical analysis of renal sections revealed that HNF4 localized in nuclei of proximal tubule cells of murine (11) and rat (14, 30) kidneys, coincident with hAGT gene expression ( Fig. 1 and 4) . In addition, we found that the DR sequences were dispensable for hAGT gene expression in the brain and heart (Fig. 5) , where the endogenous mouse HNF4␣ expression level is negligible (40) . These correlative observations thus strengthen the notion that HNF4 may be the authentic activator of hAGT transcription through the DR elements in vivo. Recently, Odom et al. conducted a genome-scale location analysis of HNF4 binding sites by using chromatin immunoprecipitation, and they concluded that the hAGT promoter an in vivo target for HNF4 (27) .
AGT is widely expressed in a variety of tissues, such as liver, kidney, brain, heart, and adipose tissues. It is not clear which trans-acting factors or their combinations are controlling hAGT expression in these tissues. Detailed analyses of our mice would help us unveil the identities of such transcription factor complexes. It is generally established that AGT synthesis is modulated by steroid hormones, such as glucocorticoids, thyroid hormones, and estrogens, all of whose receptors bind to DR motifs (7). It will therefore be interesting to see whether such hormones can regulate mutC/J transgene in vivo. Finally, transgenic coplacement strategy is a powerful genetic tool that can be used to investigate with precision the change in transcriptional activity in vivo attributed to a minor change in DNA cis-elements, which can potentially lead to the pathogenesis of genetic diseases, such as hypertension.
